Synthesis of the thermoelectric Mg 2 Si sintered body was tried by reactive pulsed current sintering (PCS) using graphite punches and a nonconductive quartz glass die (directly applied current sintering). The mechanically milled powder mixture of Mg and Si was heated by directly applied current sintering, the densification behavior, Mg 2 Si phase formation and the power consumption during sintering, and the relative density and the microstructure of the sample were compared to those of a sample sintered by the conventional PCS (using graphite punches and a graphite die). When the mechanically milled powders were heated by directly applied current sintering, the densification of a powder compact became larger during heating and the density of a sintered body was also significantly higher as compared to those of the sample sintered by the conventional PCS. The relative density of a compound sintered in a quartz die at 973 K for 10 min was 99.3%, which is almost the same as that of the sample sintered by the conventional PCS at 1073 K for 60 min, 99.6%. Furthermore, directly applied current sintering is found to accelerate the reaction between Mg and Si to form Mg 2 Si phase.
Introduction
The pulsed current sintering (PCS) process is widely used in consolidation of metals and ceramics powders as one of rapid sintering processes. In this PCS process, it is proposed that neck formation is promoted by spark plasma formation and/or local heating effect around interparticle area due to pulsed current flowing through a powder compact. 14) Although fundamental understanding of such effects on promoting neck formation has not been improved satisfactory so far, it is well known that a powder compact can be sintered rapidly (at lower temperature and for a shorter period of time) by the PCS process as compared to the conventional hotpressing method. 514) In the general PCS process, electrically conductive graphite punches and die are used. When electrically nonconductive materials are sintered, the applied pulsed current flows through the graphite punches and the die, so the powder compact is sintered via the Joule heating of a graphite die. On the other hand, in the case of sintering of electrically conductive powders, such as metals and semiconductors etc., the pulsed current is also considered to flow through a powder compact itself. In such cases of the PCS process for electrically conductive powders, there are several reports where all of the pulsed current is tried to put into a powder compact only, by using an electrically nonconductive die instead of the conventional graphite die.
1517) For example, Matsugi et al. reported the effects of pulsed current on the specific resistivity of Cu and Fe powder compacts by using a nonconductive SiO 2 -Al 2 O 3 -Fe 2 O 3 die, 15) and Ozaki et al. investigated the discharge phenomena in Al powder compacts by measuring current and voltage in the PCS process. 16) But effects of the directly applied current on densification behaviors of powder compacts were not reported in these articles. On the other hand, Ito et al. has reported that "directly applied current sintering" using a nonconductive quartz glass die could heat a thermoelectric Ca 3 Co 4 O 9 powder compact. 17) In this paper, it was also found that densification of a powder compact was promoted at lower temperature and under lower electric power consumption during sintering as compared to the normal PCS process using a conventional graphite die. However, the effects of the directly applied current sintering on densification behavior of electrically conductive powders are not understood satisfactory, so it is desired to clarify the effects of this modified PCS process and their mechanisms in detail. In the previous report, 17) it is suggested that directly applied current flowing through a powder compact provides a local high temperature region around an interparticle area with large electrical resistivity, and promotes neck formation and growth, leading to the acceleration of densification. Here, this rapid sintering is considered to mean that the migration of constituent elements around interparticle area is promoted by the directly applied current sintering. So, in the case of reactive sintering, it is also expected that the reaction is also accelerated as compared to the conventional PCS process. Based on these considerations, in this study, the directly applied current sintering was employed for reactive sintering of thermoelectric Mg 2 Si, and the effects of this process on densification behavior and reactivity were investigated. The thermoelectric Mg 2 Si has been drawing a lot of attention recently because of its abundance of raw elements (Mg and Si) and high thermoelectric performance per weight. Generally, the thermoelectric Mg 2 Si polycrystals are fabricated via the following process. First, Mg 2 Si ingots are formed by melting or liquid-solid phase reaction of a mixture of constituent Mg and Si powders. Then, the Mg 2 Si ingots are pulverized and/ or mechanically milled to provide Mg 2 Si fine powders. Finally, the powders obtained are sintered by the PCS or hotpressing process etc.
1821) However, these conventional synthesis processes are production energy and time consuming. So, reactive sintering as one of more simplified fabrication processes, which enables both densification of a powder compact and Mg 2 Si phase formation to occur simultaneously, is considered to be a promising method. But in the case of the reactive sintering by using PCS process below 923 K, which is the melting point of Mg, the sintering temperature is too low, resulting in insufficient densification of a powder compact and Mg 2 Si phase formation. On the other hand, above 923 K, control of chemical composition becomes difficult because of the Mg melt oozing from a die set. In order to overcome these problems, in this study, the directly applied current sintering, where densification of a powder compact and Mg 2 Si phase formation are expected to be accelerated simultaneously at lower temperature as compared to the conventional PCS method, was tried to synthesize thermoelectric Mg 2 Si polycrystals. The densification behavior of powder compacts, Mg 2 Si phase formation rates, electric power consumption needed for heating, etc. were compared to those in the case of the conventional PCS process, and then the effect of this modified PCS process on the low-temperature reactive sintering and its mechanism were investigated and discussed.
Experimental Procedure
In this study, a sample composition was adjusted to n-type Mg 2 Si+1 at% Al. 20, 21) Mg powder (Kojundo Chemical Laboratory Co., Ltd., 99.5% purity, <180 µm in size), Si powder (Wako Pure Chemical Industries, Ltd., 99.9% purity, through 150 µm 95% up in size) and Al powder (Hikari Material Industry Co., Ltd., 99.7% purity, <38 µm in size) were mixed in a molar ratio of Mg : Si : Al = 2 : 1 : 0.01. The powder mixtures were mechanically milled (MM) by using the planetary ball mill (Fritsch, P-6). The milling condition was 300 rpm in hexane (wet milling) using a stainless vial and balls. Then, the milled powders were sintered by using the PCS apparatus (Sumitomo Coal Mining Co., Ltd., SPS-511S) under 50 MPa in vacuum at a heating rate of 100 K/min in graphite punches and an nonconductive quartz die (directly applied current sintering). The inner surface of a quartz die was coated with BN as a lubricant before packing powders. In comparison, the powders were also sintered by the conventional PCS process using a graphite die. In this conventional sintering, a carbon sheet as a lubricant was inserted between a die and punches and a powder compact, in order to avoid the punch-die clearance effect on heating in PCS process. 22, 23) Generally, sintering temperature is indirectly measured by a thermocouple inserted into a graphite die as shown in Fig. 1(a) . However, in this study, the two kinds of dies (quartz and graphite) are used and their densification behaviors are compared. So, in order to measure the sample temperature more accurately, a K-type thermocouple was penetrated through the upper punch and the temperature close to a surface of a powder compact was directly measured as shown in Fig. 1(b) . 24, 25) A graphite board with 1 mm thickness was inserted between the sample and the thermocouple to prevent a melt from oozing out toward the thermocouple when liquid phase formation occurs during sintering. The shrinkage of a powder compact during sintering was measured by recording displacement of an upper punch. The thermal expansion of the upper and lower graphite punches were measured and then subtracted from the total displacement to evaluate the densification of the sample itself. In addition, values of applied current and voltage between electrodes of the PCS apparatus were also recorded to calculate the resistance between electrodes (total resistance of a die set including a powder compact) and power consumption during sintering. The density of a sintered body was measured by the Archimedes method and relative density was obtained by using the theoretical density value of Mg 2 Si, 1.99 g/cm 3 . The phases and the microstructures of samples were determined by XRD (X-ray diffraction analysis) using Cu K¡ radiation and SEM (scanning electron microscopy). These obtained experimental results were compared to those of samples sintered by the conventional PCS process using a graphite die.
Results and Discussion

Sintering behavior of powders mechanically milled
for 10 h Figure 2 shows the temperature dependences of densification behaviors and resistance between electrodes of the powders mechanically milled for 10 h during PCS process in graphite and quarts dies. Above 600 K, the shrinkage of the sample sintered in a quartz die (directly applied current sintering) became larger than that of the sample sintered in a graphite die (conventional). The relative densities of samples sintered under several conditions were plotted against the sintering temperature in Fig. 3 . When powder compacts were sintered at 973 K for 10 min, the relative density of the sample sintered in a quartz die was 99.3%, which was significantly higher than that in a graphite die, 93.0%. In order to obtain a high density around 99.3% by the conventional process, it was required to sinter a powder compact at higher temperature, 1073 K, for a longer period of holding time, 3060 min, as shown in Fig. 3 . Thus, it was found that the directly applied current sintering is effective for rapid sintering as compared to the conventional PCS process. In the case of the directly applied current sintering, interparticle areas in a powder compact, which have large electrical resistivity, are considered to be heated locally via the current flowing. So, it is suggested that the local heating effect resulted in promoting neck formation and growth effectively around these interparticle areas. Besides that, at 600 K where the shrinkage of a sample in the quartz die became larger, the resistance between electrodes for this sample increased suddenly at the same time, which corresponds to an increase in electrical resistivity of a powder compact. The electrical resistivity of Al 1 at% doped Mg 2 Si is about 1000 times larger than that of Mg metal. 20, 21) So, it is expected that the sudden rise in resistance was caused by Mg 2 Si phase formation from a mixture of Mg and Si powders. In order to check the Mg 2 Si phase formation, powder compacts were heated in graphite and quartz dies up to 593 K and 653 K, which are just below and above the temperature when the resistance increase occurred, and then subjected to XRD analysis. Figure 4 shows the XRD patterns of the samples heated up to 593 K and 653 K in graphite and quartz dies, including the pattern of the milled powder before heating for comparison. When heated up to 593 K, in both samples, the Mg 2 Si phase partially formed, but residual Mg and Si phases are detected clearly, and there is no significant difference between the XRD patterns of these samples. After heating up to 653 K, there are Mg and Si phases still remained in the sample sintered in a graphite die. On the other hand, in the case of the sample sintered in a quartz die, these residual phases almost disappeared in the XRD pattern and nearly single phase of Mg 2 Si was obtained. Thus, it was found that the directly applied current sintering is effective on accelerating Mg 2 Si phase formation in the reactive sintering from Mg and Si powder mixture, and nearly single phase of Mg 2 Si can be obtained through sintering at temperature below the melting point of Mg. Figure 5 shows the temperature dependence of power consumption during heating of powders in graphite and quartz dies, which were calculated from the recorded values of applied current and voltage. In the case of the directly applied current sintering, a powder compact could be heated under applied current and voltage lower than the conventional sintering, leading to the significant reduction in power consumption, which was about 40% of that when sintered in a graphite die over the entire temperature range, as shown in Fig. 5 . This is because in the case of the sintering in a quartz die, the Joule heating of a powder compact occurs only, while in the conventional process it is required to heat both of a graphite die and a powder compact. In addition, we evaluated the total power consumption to prepare two samples shown in Fig. 3 : the sample with 99.3% of relative density sintered in a quartz die at 973 K for 10 min and the one with 98.3% of relative density sintered in a graphite die at 1073 K for 30 min. The conventional PCS process needed 1.26 © 10 6 J, on the other hand, when sintered by the modified PCS using a quartz die, the value was 2.33 © 10 5 J, which was found to be smaller than 1/5 of that in the case of the conventional method. This significant reduction in the total power consumption by the directly applied current sintering was caused not only by the fact that the sample could be heated under reduced power consumption as shown in Fig. 5 , but also by the fact that densification and Mg 2 Si phase formation could be finished rapidly at lower temperature and for shorter holding time as shown in Figs. 3 and 4 , as compared to the conventional process. Thus, it was found that this modified PCS process using a quartz die is an energy-and time-saving way to synthesize Mg 2 Si densely sintered bodies.
The effects of the directly applied current sintering on the rapid densification and the promotion of Mg 2 Si phase formation observed above 600 K are discussed. These phenomena are considered to be due to the unique heating mechanism of this modified PCS process above 600 K. Before the increase in resistance between electrodes, below 600 K, in both cases of the modified and conventional PCS, the applied current flows mainly through the Mg powders in a compact, because Mg has electrical resistivity lower than a graphite die. Thus, densification process similar to that of the general sintering of metal powders proceeds along with the reduction in resistance in this temperature region as shown in Fig. 2 . Above 600 K, in the conventional PCS, the current starts to flow through the graphite die because of the increase in electrical resistivity of a powder compact due to progress of formation of Mg 2 Si phase with higher resistivity than a graphite die. After the Mg 2 Si phase formation almost completed, the current mostly flows through the graphite die only, and the sample is expected to be sintered via external heating from a die finally. When a powder compact is sintered via the external heating in the conventional PCS, it is considered that a surface energy of the powder and an applied pressure are a driving force for mass transfer during sintering, which is similar to a general pressurized sintering like hotpressing, where a sample is sintered largely through grain boundary diffusion, volume diffusion, plastic flow.
2630) On the other hand, when sintered by the directly applied current sintering, the total pulsed current continues to flow through a powder compact even above 600 K, after the resistance increased, suggesting a heating mechanism different from that of the conventional process. Especially at an early stage of the sintering, the sintering neck area, which is also a current flowing path, is small as compared to the particle size, and the electrical resistivity of this area is locally larger than that within each particle, providing larger Joule heating in this region. Such local heating effect contributes to Mg 2 Si phase formation predominantly in the interparticle area. Then, the applied current has to flow through the high resistivity neck area of this locally formed Mg 2 Si phase, where the local Joule heating is accelerated further, resulting in significant enhancement of neck growth as compared to the conventional external heating. Thus, this unique sintering mechanism caused by the local heating effect around interparticle area, in addition to the conventional effects of grain boundary diffusion, volume diffusion and plastic flow, leads to the significantly rapid densification effect as shown in the case of the directly applied current sintering. The acceleration of Mg 2 Si phase formation observed in Fig. 4 is also considered to be caused by this unique heating mechanism. The local heating effect promotes migration of Mg and Si elements in the interparticle area, resulting in the rapid formation of Mg 2 Si phase.
As shown in Fig. 3 , the samples sintered in a quartz die at 973 K for 10 min and in a graphite die at 1073 K for 60 min have almost the same relative density values, 99.3% and 99.6%, respectively. Figure 6 shows the SEM photographs of these sintered bodies. Although it was expected that the sample sintered by the modified PCS using a quartz die had microstructure finer than that of the sample sintered by the conventional method, there are no significant difference observed between them. One possible reason is that in the case of the directly applied current sintering, the sample continued to be heated even after the densification finished. Generally, it is well known that the greater part of grain growth occurs in the final stage of sintering, in other words, after a sample is highly densified. Figure 7 shows the time dependence of shrinkage during sintering of the sample in a quartz die. When the temperature reached its holding temperature, 973 K (around 420 sec in Fig. 7) , the densification of the compact almost finished. And then, during the subsequent dwelling time, it is considered that grain growth mainly progressed, resulting in the grain sizes almost the same as that of the sample sintered in a graphite die. On the other hand, Raj et al. suggested that the Joule heating at grain boundary enhances the rate of grain growth. 31) Besides that, the densification enhancement effect observed in the Flash Sintering, which is reported by Cologna et al. 32) and Grasso et al., 33, 34) may be associated with the rapid densification caused by the directly applied current sintering. Therefore, the relationship between the phenomena such as rapid densification and grain growth shown in this study and the sintering mechanisms suggested in those reports should be clarified in detail in the future.
for 50 h Figure 8 shows the densification behaviors and resistance between electrodes of the powders mechanically milled for 50 h during the PCS process in graphite and quartz dies. It is evident that the densification of the sample sintered in a quartz die was accelerated above 510 K as compared to the sample sintered in a graphite die. Besides that, the resistance in the case of the modified PCS using a quartz die soared around 510 K, where the densification of this sample starts to be enhanced. These phenomena are quite similar to those in the case of the powder mechanically milled for 10 h as shown in Fig. 2 . Figure 9 shows the XRD patterns of the samples heated in graphite and quartz dies up to 473 K and 533 K, just before and after the resistance increase observed in Fig. 8 , respectively. Small peaks of Fe-Cr exist in all the patterns, which is caused by contamination from the stainless vial and balls during mechanical milling for longer time, 50 h. There is no significant difference between the samples heated in graphite and quartz dies at 473 K, where large amounts of unreacted Mg and Si remained. On the other hand, at 553 K, just after the steep increase in resistance (Fig. 8) , when sintered in a quartz die, almost single phase of Mg 2 Si was obtained in spite of heating at a low temperature, 553 K. On the other hand, in the case of the sample heated by the conventional PCS up to 553 K, peaks from the residual Mg and Si phases were clearly detected in the XRD pattern. As can be seen in the results of Figs. 2 and 8 , in the case of mechanical milling for 50 h, the temperature where the densification of the sample sintered in a quartz die became larger is by about 90 K lower than that in the case of mechanical milling for 10 h. In addition, the enhancement effect of densification (the difference of shrinkages between the samples heated in graphite and quartz dies during sintering) for the sample mechanically milled for 50 h is significantly greater than that when mechanically milled for 10 h. As shown in Figs. 4 and 9, it was also found that the mechanical milling for 50 h reduced the temperature at which the almost single phase of Mg 2 Si was obtained by about 100 K as compared to the case of mechanically milled for 10 h, indicating that mechanical milling for longer time is effective on promoting the reaction between constituent elements in reactive sintering. Form the results obtained in this study, mechanical milling for longer time to obtain finer and well homogenized powder mixture was found to enhance both of densification of a powder compact and phase formation in reactive sintering, suggesting that a densely sintered polycrystal of Mg 2 Si phase can be obtained via the directly applied current sintering at lower temperature and for a shorter period of time by mechanical milling for long time. Therefore, it is expected that thermoelectric performance of Mg 2 Si can also be significantly improved through reduction in thermal conductivity by optimizing sintering and milling conditions and synthesizing a densely sintered body with fine microstructure via the modified PCS process in the future.
Conclusions
In this study, the thermoelectric Mg 2 Si sintered polycrystals were synthesized via reactive sintering using the directly applied current sintering where an electrically nonconductive quartz die is used instead of the conventional graphite die, and the effects of this novel sintering process on the densification behavior and Mg 2 Si phase formation were investigated. The results obtained were summarized as follows.
(1) In the case of mechanical milling for 10 h, the directly applied current sintering significantly enhanced densification of a powder compact as compared to the conventional PCS process. As a result, a densely sintered body with 99.3% of relative density was obtained by this modified PCS process at lower temperature, 973 K, and for a shorter period of time, 10 min, than when sintered in the conventional graphite die. (2) It was found that almost single phase of Mg 2 Si was obtained by the directly applied current sintering at low temperature, 650 K, at which it was difficult to provide Mg 2 Si phase by the conventional preparation processes, showing the acceleration effect of this modified PCS process on phase formation in reactive sintering. (3) A powder compact can be heated under lower power consumption in the directly applied current sintering. A sintered body with 99.3% of relative density was prepared by this modified PCS process under total power consumption lower than 1/5 of that in the case of the conventional PCS process. (4) When reactive sintering is carried out by using the directly applied current sintering, mechanical milling for a longer period of time was found to be effective on promoting both of densification of a powder compact and reaction between constituent elements.
